Abstract. Mycophenolate mofetil (MMF) significantly decreases acute rejection rates after renal transplantation, but intolerance often occurs, leading to dose reduction. The clinical effect of MMF dose reduction has not been clearly established. This study determined whether MMF dose reduction after renal transplantation was associated with subsequent risk of acute rejection. This retrospective cohort study assessed 213 renal transplant recipients. Cox regression was used to model MMF dose as a time-dependent variable, with time to first acute rejection as the primary outcome. One hundred twenty-six patients (59%) had a total of 176 MMF dose reductions during the study. MMF dose was reduced because of leukopenia (55.1%), gastrointestinal symptoms (22.2%), infection (7.4%), malignancy (1.1%), and unknown reasons (14.2%). The cumulative number of days with the MMF dose reduced below full dose was an independent predictor of acute rejection. The relative risk of rejection increased by 4% for every week that the MMF dose was reduced below full dose. No significant association was observed between the number of days with MMF dropped below full dose and allograft failure. The cumulative number of days with the MMF dose dropped below full dose is a significant predictor of acute rejection after renal transplantation. Clinicians need to be aware of the rejection risk when the MMF dose is reduced and maintain close surveillance on such patients.
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Mycophenolate mofetil (MMF) significantly decreases acute rejection rates after renal transplantation (1) . However, hematologic abnormalities and gastrointestinal intolerance occur commonly when recommended doses of MMF are used (2) (3) (4) . In phase III studies involving MMF, between 12.7% and 37.3% of treated patients experienced diarrhea (2) (3) (4) . Similarly, leukopenia was significantly more common in the MMF group, occurring in 10.9% to 35% of patients (2, 3) . These side effects often require MMF dose reduction or even discontinuation. Squifflet et al. (5) reported that 53% of patients receiving MMF and tacrolimus required a MMF dose reduction because of side effects. Roth et al. (6) reported that 29.2% of patients discontinued MMF altogether because of leukopenia or gastrointestinal intolerance.
The clinical effect of MMF dose reduction in renal transplantation has not been clearly established. Mourad et al. (7) reported that three patients developed acute rejection when their MMF dose was reduced for leukopenia. However, no statistical comparison was made to a control group (7) . In a preliminary report, 50.3% of renal transplant recipients required a dose reduction of MMF because of side effects (8) . The rate of acute rejection was significantly higher in those patients who had a MMF dose reduction compared with those who had no dose change (8) . However, it is unclear from the abstract whether the rejection episodes occurred before or after the dose reduction and whether the dose reduction was properly analyzed by use of time-dependent methodology (8) .
The objective of this study was to determine whether MMF dose reduction was associated with acute rejection after renal transplantation. We included all patients who received MMF along with a calcineurin inhibitor and documented all MMF dose changes. We used Cox regression methodology to model MMF dose as a time-dependent variable (9) and to determine whether it was independently associated with the risk of acute rejection.
Materials and Methods

Study Subjects and Design
This retrospective cohort study involved patients who underwent renal transplantation at the Ottawa Hospital from January 1, 1998, to June 30, 2002. Consecutive patients who were discharged home on a calcineurin inhibitor (tacrolimus or cyclosporine) and MMF were included in the analysis. Primary or repeat transplant recipients who received either a cadaveric or living donor kidney were included. The study was approved by the Ottawa Hospital Research Ethics Board.
Immunosuppression
All patients received intravenous methylprednisolone (500 mg) preoperatively followed by 1 mg/kg/d on the first postoperative day. Patients were switched to oral prednisone when tolerated, and the dose was tapered to reach a target of 7.5 mg/d by the third month. A 7-to 14-d course of antithymocyte antibody (Thymoglobulin; Sangstat) was used in patients with delayed graft function, previous transplantation, panel-reactive antibody above 20%, positive B cell crossmatch, or any combination of these factors. The initial dose was 1.5 mg/kg/d, with subsequent adjustment based on hematologic parameters.
Cyclosporine was the predominant calcineurin inhibitor used from 1998 until mid-2001, after which tacrolimus was used. The starting dose of cyclosporine was 8 mg/kg/d with the dose adjusted to achieve a target trough level of 300 to 400 g/L in the first 3 mo and 100 to 200 g/L thereafter. Tacrolimus was initiated at 0.2 mg/kg/d, with the dose adjusted to achieve a target trough level of 10 to 15 g/L in the first month, 8 to 12 g/L in months 2 and 3, and 6 to 10 g/L thereafter.
MMF was usually initiated at 1 g by mouth twice a day on postoperative day 1. Depending on physician preference, the introduction of MMF could be delayed or started at a reduced dose. The MMF dose was reduced for perceived side effects, and the dose was usually increased when the side effects resolved. If the side effects were initially severe, recurrent, or persistent the MMF was not increased back to full dose or it was permanently discontinued. Patients in our renal transplantation clinic were seen by either the transplantation surgeon or one of four different nephrologists. Mycophenolic acid levels were not measured.
The initial treatment for acute rejection was intravenous methylprednisolone (250 to 500 mg/d for 3 to 5 d). If vascular rejection was present or the episode was steroid resistant, antilymphocyte antibodies were added (Thymoglobulin or Orthoclone, muromonab-CD3; Janssen-Ortho).
Clinical Assessments
Episodes of unexplained renal dysfunction were evaluated with a renal biopsy unless contraindicated. Rejection episodes were classified according to the Banff 97 criteria (10) . For this analysis, all patients with biopsy-proven grade I, II, or III acute rejection and those with features of antibody-mediated rejection (10) were considered to have a rejection episode. In addition, any patient with borderline changes and allograft dysfunction who received treatment for acute rejection was considered to have rejection (10) . MMF dose was recorded daily during the initial hospitalization and at each clinic visit. Patients were followed until death, allograft failure, or December 31, 2002. All patients had a minimum follow-up of 6 mo.
Statistical Analyses
Cox proportional hazard regression was used to calculate unadjusted and adjusted hazard ratios and their 95% confidence interval (95% CI) for the association between MMF dose reduction and time to first acute rejection. The predictor variable of interest was the cumulative number of days with the MMF dropped below full dose. This was expressed as a time-dependent variable because its value can change on any day after transplantation. In these analyses, full dose was defined as 2000 mg/d because this was the standard dose at our center. If patients started at a dose below 2000 mg/d, their cumulative number of days at a dropped dose remained zero until they reached full dose. After they reached 2000 mg/d, this variable increased by one for every day patients received less than 2000 mg/d of MMF. Patients were followed from the date of transplantation until the first rejection episode, allograft failure, death, or December 31, 2002. We measured the association of the following variables with the outcome: cumulative number of days with the MMF dropped below full dose, age, race, gender, diabetes, donor source (cadaveric or living), delayed graft function (defined as the need for dialysis in the first week after transplantation), use of antibody induction, previous transplantation and calcineurin inhibitor (cyclosporine or tacrolimus). Only variables with a P value Ͻ0.2 were retained in the final model. A stratified analysis was performed to determine whether calcineurin inhibitor (cyclosporine or tacrolimus) modified the association of MMF dose reduction and rejection.
As a secondary analysis, Cox regression was used to determine the association between MMF dose reduction and the time to allograft failure (defined as the resumption of dialysis or death). In this analysis, acute rejection (expressed as a time-dependent variable) was included in the multivariable model along with the variables listed above.
Poisson regression was used to determine which variables were associated with cumulative number of days dropped below full-dose MMF. Because the follow-up time varied between individual patients, we modeled this variable as an incidence density (i.e., number of days at reduced dose per observation time). The output from the Poisson regression is the incidence density ratio, which measures the ratio of incidence density for patients with and without the variable of interest. The same variables listed above for the Cox regression were examined in the multivariate Poisson regression model. All analyses were performed by SAS statistical software (version 8.1). P values are twosided, and a value of less than 0.05 was considered statistically significant.
Results
Two hundred thirteen patients were treated with a calcineurin inhibitor and MMF and were included in this study. The baseline characteristics of the cohort are presented in Table 1 . Cyclosporine was used by 64.3% of patients; the remainder used tacrolimus. The starting dose of MMF was 2000 mg/d in 175 patients, 1500 mg/d in five patients, and less than 1500 mg/d in 33 patients. The initial dose of MMF was below 2000 mg/d for the following reasons: concurrent antibody induction therapy (n ϭ 33), thrombocytopenia (n ϭ 2), and low recipient weight (n ϭ 3). Fifty-nine percent (126 of 213) of the patients had at least one MMF dose reduction. There were a total of 176 MMF dose reductions during the course of the study. The median initial MMF dose reduction was 1000 mg (interquartile range, 500 to 1500 mg). The most frequent reason for a dose reduction was leukopenia (55.1%). Nine of the patients who had a dose reduction because of leukopenia eventually developed cytomegalovirus infection. The MMF dose was reduced because of gastrointestinal symptoms such as nausea, vomiting, or diarrhea (22.2%), infection (7.4%), malignancy (1.1%), and unknown reasons (14.2%) in the remainder of cases. MMF was permanently discontinued in 16 patients.
In univariate Poisson regression, previous transplantation (unadjusted incidence density ratio, 2.27; 95% CI, 1.45 to 3.56) and antibody induction therapy (unadjusted incidence density ratio 1.72; 95% CI, 1.12 to 2.63) were the only factors associated with the cumulative number of days with a dose reduction under 2000 mg/d. In multivariate analysis, only previous transplantation remained statistically significant. Compared with primary transplant recipients, the cumulative number of days with a dose reduction under 2000 mg/d was 2.35 times higher (95% CI, 1.50 to 3.68) for patients with a previous transplant. The calcineurin inhibitor used (cyclosporine or tacrolimus) was not associated with the cumulative number of days with a dose reduction under 2000 mg/d.
Fifty-three patients (24.9%) had a rejection episode. In these patients, the median time to rejection was 22 d, with the majority occurring within the first 90 d after transplantation ( Table 2 ). The histologic classification of the rejection episodes is summarized in Table 2 . Figure 1 shows the number of patients undergoing MMF dose reduction, the proportion of patients on 2000 mg/d of MMF and the proportion of patients who had an acute rejection. The majority (58%) of MMF dose reductions occurred in the first 3 mo after transplantation. Thirty percent of the MMF dose reductions occurred between 3 and 12 mo after transplantation, and 12% occurred after the first year (Figure 1) . The time to rejection mirrored the MMF dose reductions. The greatest number of rejection episodes occurred early after transplantation, when most of the MMF dose reductions took place.
We found a significant association between the cumulative number of days with MMF dropped below full dose and acute rejection ( Table 3 ). The relative risk of rejection increased by 4% for every week that the MMF dose was reduced below full dose (unadjusted hazard ratio, 1.04; 95% CI, 1.01 to 1.08; P ϭ 0.02) ( Table 3) . After controlling for age, gender, diabetes, donor source, race, delayed graft function, induction therapy, previous transplantation, and calcineurin inhibitor the cumulative number of days with the MMF dose dropped below full dose remained an independent predictor of acute rejection (adjusted hazard ratio, 1.04; 95% CI, 1.00 to 1.08; P ϭ 0.03) ( Table 3 ). Twelve patients either had rejection before reaching full-dose MMF or never reached full-dose MMF during the study period. The analysis was repeated with these 12 patients excluded, and the association of cumulative days at reduced dose and risk of rejection did not change. A stratified analysis showed a similar effect of MMF dose reduction on rejection, regardless of whether the patient received tacrolimus or cyclosporine.
We found no significant association between the number of days with MMF dropped below full dose and allograft failure (unadjusted hazard ratio, 1.00; 95% CI, 0.99 to 1.01; P ϭ 0.54) ( Table 4 ). This association did not change after adjustment for important confounding variables (adjusted hazard ratio, 1.00; 95% CI, 0.99 to 1.02; P ϭ 0.44) ( Table 4) .
Discussion
To our knowledge, this is the most detailed examination of the association of reduced MMF dose and the risk of acute rejection in renal transplant recipients. After adjusting for important factors, we found that the cumulative number of days of MMF dose reduction (after being reduced from fulldose MMF) significantly increased the risk of acute rejection.
This finding is clinically relevant. We found that rejection risk increased with more time at a reduced MMF dose. Accordingly, clinicians should consider minimizing the time that patients stay at a reduced dose of MMF. This is particularly important because side effects requiring MMF dose reduction occur frequently after transplantation. In our study, 59% of patients had the MMF dose reduced at least once, and several patients had repeated dose reductions. In other studies, the incidence of MMF dose reduction because of side effects ranged from 42% to 53% (5, 7, 8) . Thus, a significant proportion of patients treated with MMF are at increased risk for acute rejection because of dose reductions prompted by side effects. In addition, acute rejection remains an important predictor of long-term renal allograft survival (11). Hariharan et al. (11) showed that the renal allograft half-life was only 8.8 yr for those who had a rejection and 17.9 yr for those without an acute rejection episode. Thus, the avoidance of acute rejection still remains an important goal of renal transplantation.
Our results are consistent with a previous study examining different MMF doses. Miller et al. (12) showed that patients who received a higher dose of MMF had a lower risk of rejection. Patients who received MMF 2000 mg/d had an acute low-dose MMF and never receive full-dose MMF are at increased risk of rejection. This is similar to our finding that patients who initially receive full-dose MMF but subsequently undergo dose reduction below 2000 mg/d are also at increased risk of rejection. This suggests that a critical amount of MMF is required to effectively prevent rejection. In our analysis, the cumulative number of days with the MMF dose reduced below full dose was not predictive of allograft failure. This finding may be because of the study's sample size. The original MMF trials failed to show any improvement in graft survival despite a significant reduction in acute rejection episodes (2) (3) (4) . A large study of 66,774 renal transplant patients was required to demonstrate that MMF significantly improved renal allograft survival (13) . It is possible that a study involving a larger number of patients could show a significant effect of MMF dose reduction on renal allograft survival. However, given the strong association between acute rejection and graft survival (11) , the results of the study presented here suggest that caution should be exercised when the MMF dose is reduced.
In univariate analysis, previous transplantation and antibody induction therapy were associated with the cumulative number of days with a MMF dose reduction. Only previous transplantation remained significant on multivariable analysis. Most of the patients who underwent repeat transplantation had received azathioprine with their first transplant. Azathioprine has well known hematologic toxicity (14) that may be severe (15) . It is possible that these patients had underlying bone marrow damage from prior azathioprine exposure. The introduction of MMF during repeat transplantation could exaggerate the known myelosuppressive effects of MMF (14) , leading to a greater number of days with a MMF dose reduction.
Monitoring of mycophenolic acid (MPA) levels has not become routine because the relationship between MPA levels, toxicity, and efficacy remains controversial. In a concentration controlled study of MMF, the trough or area under the curve (AUC) concentration of MPA was not associated with the occurrence of adverse events whereas the MMF dose was significantly related to side effects (16) . In another study, Mourad et al. (7) showed that the AUC and the early MPA level (30 min after the dose) were significantly higher in patients with MMF side effects. In that study, three patients developed acute rejection after the MMF dose was reduced for side effects (7) . At the time of the three rejection episodes, the trough and AUC concentration of MPA were lower than in the patients without side effects, but no statistical comparison was performed (7) . Although no drug levels were performed in our study, it is plausible that patients with side effects had high MPA concentrations and that MMF dose reduction over a number of days reduced the MPA level below a critical threshold leading to acute rejection.
The strengths of this study included a high degree of followup, complete ascertainment of the acute rejection episodes, and the correct use of a time-dependent variable for the MMF dose reductions. Drug dosage changes and rejection episodes were not missed because all patients were followed closely at one institution rather than being sent back to a referring center.
This analysis has several limitations. First, MPA levels were not measured in this study because this was not routine practice at our center. Thus, we were unable to determine whether the patients requiring a MMF dose reduction had higher MPA exposure or whether the patients who experienced rejection episodes had lower MPA levels. Second, black patients made up only 3.8% of the entire cohort. Although we did not show that race was an important predictor of acute rejection, this was likely due to the small number of nonwhite patients. Studies from the United States have consistently shown that African American patients are at increased risk for acute rejection (17) and may require larger doses of MMF to achieve the same efficacy as white patients (18) . Had our study involved more black patients, we might have shown an even greater association between the cumulative days with MMF reduced below full dose and acute rejection. Finally, the standard dose of MMF was 2000 mg/d, and no patient received 3000 mg/d. Thus, we could not evaluate whether MMF dose reduction below 3000 mg/d was associated with acute rejection. In conclusion, this analysis has shown that the cumulative number of days with the MMF dose dropped below 2000 mg/d is a significant predictor of acute rejection after renal transplantation. Prospective studies are needed to determine whether MPA monitoring in the setting of MMF toxicity would lead to more rational drug dose changes and diminish the risk of acute rejection. Until such trials have been completed, clinicians should be aware of the risk involved when the MMF dose is reduced and maintain close surveillance of these patients.
